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We create and isolate single-photon emitters with a high brightness approaching 105 counts per
second in commercial silicon-on-insulator (SOI) wafers. The emission occurs in the infrared spectral
range with a spectrally narrow zero phonon line in the telecom O-band and shows a high photosta-
bility even after days of continuous operation. The origin of the emitters is attributed to one of the
carbon-related color centers in silicon, the so-called G center, allowing purification with the 12C and
28Si isotopes. Furthermore, we envision a concept of a highly-coherent scalable quantum photonic
platform, where single-photon sources, waveguides and detectors are integrated on a SOI chip. Our
results provide a route towards the implementation of quantum processors, repeaters and sensors
compatible with the present-day silicon technology.
INTRODUCTION
Single-photon sources are key building blocks for pho-
tonic quantum information processing and optical quan-
tum computing [1, 2]. Quantum photonic states are
the preferred candidates to encode quantum information
among the several physical systems [3], such as trapped
ions [4], superconducting devices [5] and atomic defects
[6]. They provide a myriad of advantages with respect
to their counterparts due to the lack of interaction with
the external environment that makes them robust against
decoherence times.
In photonics, silicon and its mature technology have
been demonstrated to be instrumental for applications
in integrated optics, sensing and long-range telecommu-
nications [7]. Due to its stable oxide (SiO2) with which it
forms high-quality interfaces with a high contrast of the
refractive index, SOI is the material platform of choice
for the realization of photonic integrated circuits con-
taining optical waveguides, switches, multiplexers, op-
tical modulators, among others [8]. Therefore, in terms
of manufacturability, functionality and scalability, silicon
photonics would provide a crucial advantage in build-
ing integrated photonic quantum devices. Recently, an
impressive breakthrough has been accomplished in inte-
grated photonic quantum circuits adopting the state-of-
the-art developments from the realm of silicon photon-
ics [9, 10]. For instance, a large-scale SOI quantum cir-
cuit with 671 optical components has been demonstrated,
that is used for the generation of photon-pairs, manipula-
tion and measurement of multidimensional entanglement
[11]. To this date, silicon quantum photonics only makes
use of telecom photon-pair sources whose mechanism of
photon generation is probabilistic in lieu of on demand
[12]. The scalability using these probabilistic two-photon
sources is not viable since they are not intrinsically cou-
pled to quantum matter systems. Alternatively, the hy-
brid integration of on-demand III-V quantum dots single-
photon sources on Si-based quantum photonic circuits
[13, 14] is nowadays the solution of choice due to the lack
of an on-demand telecom single-photon emitter in Si.
In this work, we demonstrate that silicon can host
single-photon emitters in the telecom O-band of fiber-
optic communication, allowing monolithic integration
with photonic circuits. Based on the spectral proper-
ties, we attribute the origin of these emitters to the well-
known carbon-related defect in silicon, the so-called G
center. We discuss a scalable architecture where these
single-photon emitters are incorporated into basic blocks
of quantum photonic circuits, serving as an interface be-
tween flying and stationary qubits.
EXPERIMENT
Engineering single G centers
Our experiments are performed on a commercial SOI
wafer purchased from IceMOS. It consists of a 12µm-
thick Si device layer separated by a 1µm-thick buried
oxide layer from the substrate, as schematically shown in
Fig. 1(a). We use a home-built low-temperature confocal
microscope with the photoluminescence (PL) sensitivity
optimized in the spectral range from 1.26 to 1.63µm,
which covers all telecom bands of fiber-optic communica-
tion. A 637 nm-laser diode pigtailed with a single-mode
optical fiber (Thorlabs, LP637-SF70) is coupled into a
variable fiber optical attenuator. The incident laser beam
is focused by a cryocompatible objective (Attocube LT-
APO-IR, NA=0.81), providing a minimal spot diameter
of about 1µm. The SOI wafer is mounted into an oxygen-
free copper sample holder inside a customized Attocube
DR800 closed-cycle cryostat that ensures a stable base
temperature of T = 4.6 K. The temperature measured
underneath the sample is T = 5.7 K.
A superconducting nanowire single-photon detector
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2(SNSPD) from Single Quantum is used for the spectrally
integrated PL measurements. The SNSPD has a detec-
tion efficiency of > 90% and < 60% at the wavelengths
of 1.3µm and 1.6µm, respectively. The dark count rate
is below 100 counts per second (cps) and the timing jit-
ter is less than 50 ps. Using two linear nanopositioners
anchored to the sample holder, two-dimensional (XY)
lateral PL mappings over 6 mm with a positioning ac-
curacy of 200 nm are obtained. To perform in-depth (Z)
PL scans, the microscope objective is mounted into the
third linear nanopositioner. The PL is collected by the
same objective and then coupled to a single-mode fiber
fed to the SNSPD after imaging through a 75µm confo-
cal pinhole. Two long-pass filters (830 nm and 1250 nm)
are used to completely suppress the contribution of the
reflected laser light and the Si bandgap emission from the
PL signal.
The G center can be represented as a carbon-silicon
molecule occupying a single lattice site [15], as schemat-
ically depicted in Fig. 1(b). There are several possible
configurations of the C atoms in the Si lattice and not all
of them are optically active. It is generally accepted that
in the optically active configuration, the G center consists
of an interstitial-substitutional C pair (CiCs) coupled to
an interstitial Si atom (Sii)[16, 17]. To create single G
centers in a controllable way, we perform C implantation
and vary the fluence from 1× 109 to 3× 1014 cm−2. The
implanted C energy of 5.5 keV corresponds to the mean
implantation depth of 20 nm below the surface of the Si
device layer. The most prominent results are obtained
for Φ = 1 × 109 cm−2. A XY confocal PL scan at nom-
inally Z = 0µm (corresponds to the sample surface) for
this fluence is presented in Fig. 1(c). There is a number
of nearly diffraction-limited spots, which demonstrate a
photon count rate above 10 kcps for a relatively low ex-
citation power (P = 170µW).
To determine the number of emitters in these spots,
we perform the Hanbury Brown and Twiss interferom-
etry experiment. This is a frequently used method to
verify single-photon emission [18]. To this end, we use
a 50/50 fiber optic wideband beamsplitter (Thorlabs,
TW1300R5F1) and two SNSPDs. The PL is collected
in the entire spectral range from 1.25 (the cut-off edge
of the long-pass filter) to approximately 1.6µm (limited
by the SNSPD sensitivity). The photon statistics are
recorded with a time-to-digital converter (Time Tagger,
Swabian Instruments).
A standard evaluation method for the single photon
nature of a quantum emitter is the second order inten-
sity correlation function g(2)(τ) = 〈I(t)I(t+ τ)〉/〈I(t)〉2,
where I(t) is the photon count rate at time t. This func-
tion represents the measure for a photon detection at
time t+ τ if a previous photon is recorded at time t. The
correlation function is derived from a time-delayed coin-
cidence histogram, which is recorded as described above.
The background signal from the surface centers has a
300 µm
12 µm
SiO2 1 µm
lexc = 637 nm
Spot A Spot B
(a) (b)
Si 
Si
Si
Si int.
C sub.
C int.
(c) (d)
FIG. 1: Engineering single G centers in SOI wafers. (a)
Schematic of the SOI wafer under study. The PL from the G
centers is excited by a 637 nm laser. (b) A scheme of the Si
crystal structure with one G center. (c) PL XY raster scan
at Z = 0µm showing many isolated single G centers after C
implantation to a fluence Φ = 1× 109 cm−2. The laser power
is 170µW. (d) Photon count rate of a single G center (spot
C) and the background (spot B) as a function of excitation
power. The solid lines are fits to Eq. (2). The black thick line
shows a fit to Eq. (2) of the difference between the spots C
and B, yielding Imax = 99 kcps. The sample temperature is
T = 5.7 K.
strong influence on the measured second-order correla-
tion function g
(2)
meas(τ). Therefore, we apply a standard
correction procedure g(2)(τ) = [g
(2)
meas(τ) − (1 − ρ2)]/ρ2
[19]. The constant factor ρ = (A − B)/A considers the
count rate from a potential single photon emitter (spot
A) and the background (spot B). For the spot C, this fac-
tor is ρ = (C − B)/C. In order to take into account the
non-zero value at τ = 0, we fit g
(2)
meas(τ) after correction
to [20]
g(2)(τ) =
N − 1
N
+
1
N
[
1− (1 + a)e−|τ |/τ1 + ae−|τ |/τ2
]
.
(1)
Here, N corresponds to the number of single-photon
emitters.
The results for g(2)(τ) obtained from the spot A are
presented in Fig. 2(a). The dip at zero-time delay (τ = 0)
is a fingerprint of the non-classical behavior of the emit-
ter. A fit to Eq. (1) yields g(2)(0) = 0.07(4), pointing at
a single photon emitter N = 1.07(4). The characteristic
anti-bunching time τ1 = 3.8(2) ns corresponds to the re-
laxation time from the excited state (ES) to the ground
state (GS) of the G center. It reduces with the excitation
laser power and the upper limit is the radiative recombi-
nation time [18, 20]. Therefore, the obtained value rea-
sonably agrees with the PL lifetime of 5.9 ns reported for
an ensemble of G centers [21]. The parameter a in Eq. (1)
describes the bunching behavior and is indistinguishable
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FIG. 2: Spectral properties of single G centers. (a,b) Corre-
lation function g(2)(τ) obtained at two different spots A and
C in Fig. 1(c), respectively. The solid lines are fits to Eq. (1).
(c) Symbols show the PL intensity as a function of the C im-
plantation fluence, obtained with defocused excitation. The
emitter density nG is obtained from Fig. 1(c) by counting the
number of single spots and then calculated for higher Φ as-
suming linear scaling with the PL intensity. The solid line is
a fit to nG = KΦ
α with α = 0.5. (d) Symbols represent a PL
spectrum from a single G center after subtraction of the PL
background. The solid line is a fit to a Gauss function. Inset:
a PL spectrum in a larger spectral range without background
correction. (e) Spectral trajectory of the ZPL in a single G
center. The shaded area represents λZPL averaged over 11
measurements. (f) Distribution of λZPL over 20 individual G
centers. The solid line is a fit to a normal distribution.
from zero within the error bar. The characteristic bunch-
ing time τ2 is undefined in this case.
We examine the photon statistics in more than 20 ran-
dom spots and they all show g(2)(0) < 0.5 after back-
ground correction. We thus conclude that all spots in
Fig. 1(c) are single photon emitters, created by the C im-
plantation. In two of the examined spots, which account
for 10%, we also observe bunching a 6= 0, as shown for
the spot C in Fig. 2(b). A fit to Eq. (1) yields τ2 ∼ 15 ns
and a large uncertainty for a.
The power dependence for the count rate at the spots
C and B (background) is presented in Fig. 1(d). The
difference between them gives the count rate of a single
photon emitter. As expected for color centers, the PL
intensity I saturates with increasing excitation power P ,
following
I(P ) =
Imax
1 + P0/P
. (2)
From a fit to Eq. (2), we find the saturation count rate
Imax = 99 kcps and the saturation power P0 = 500µW.
The latter corresponds to a power density of 70 kW cm−2.
Taking into account the wavelength dependence of the
excitation efficiency, it is very similar to that reported
for an ensemble of G centers [21]. This value is also
within the same order of magnitude of the saturation
power density for the nitrogen-vacancy defect in diamond
[22] and silicon vacancy defect in silicon carbide [20].
To determine the creation efficiency of the G centers
using C implantation, we first count individual spots in
Fig. 1(c) and obtain the areal density nG = 5×107 cm−2.
We then move the sample away from the focal plane of
the objective (Z = −20µm) and collect the PL from an
area of roughly 800µm2 with approximately 400 G cen-
ters. The PL intensity I is measured under the same
conditions for different C implantation fluences Φ. The
left axis in Fig. 2(c)) shows I(Φ) after subtraction of the
PL intensity in the pristine sample. Assuming that I is
proportional to the G center density nG , we then calcu-
late nG for other Φ (the right axis in Fig. 2(c)). The flu-
ence dependence is well fitted to a power law nG = KΦ
α
with α = 0.50(1). A sub-linear dependence (α < 1) is
expected because the G center is a complex radiation-
induced defect consisting of two C atoms and one Si
atom. The coefficient K should depend on the intrinsic
C concentration. Indeed, we perform C implantation in
two other Si wafers with unspecified but expected lower
intrinsic C concentration than that of the SOI wafer un-
der study. In these cases, it is found that G centers are
created with significantly lower efficiency or are not cre-
ated using only the C implantation step. A systematic
analysis on how the intrinsic C concentration influences
the G center creation efficiency is needed, but this is be-
yond the scope of this work.
Spectral properties of single G centers
To analyze the spectral properties of single G centers
created by C implantation, the PL spectra are measured
by using a Shamrock Kymera 193i spectrograph equipped
with an iDus InGaAs front-illuminated photodiode ar-
ray (PDA) detector. The PL spectrum of the G center
consists of a phonon sideband (PSB) superimposed by
the zero-phonon line (ZPL) and phonon-related peaks
[23, 24]. A PL spectrum from a single spot (the inset
of Fig. 2(d)) reveals a well-pronounced spectrally-narrow
line at about 1.28µm, which is a spectroscopic finger-
print of the G center [23]. Figure 2(d) shows a PL spec-
trum from a single spot after background subtraction. A
fit to a Gauss function yields the ZPL spectral position
λZPL = 1.27838(2)µm and the full width at half maxi-
mum (FWHM) ∆ZPL = 0.5 nm. The spectral trajectory
of the ZPL presented in Fig. 2(e) indicates spectral sta-
bility over hours as required for quantum applications.
However, we are limited by the spectral resolution of our
spectrometer while the lifetime-limited FWHM is three
orders of magnitude smaller [25]. The λZPL spectral
distribution for 20 individual G centers is presented in
Fig. 2(f). A fit to a normal distribution gives a standard
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FIG. 3: Single-photon emitters in a pristine SOI wafer. (a) PL
XY raster scan at Z = 12µm showing isolated single (spot A)
and few (spot C) G centers. The laser power is 4 mW. (b,c)
Correlation function g(2)(τ) obtained at two different spots
D and E, respectively. The solid lines are fits to Eq. (1).
(d) Photon count rate of a single G center (spot D) and the
background (spot B) as a function of excitation power. The
solid lines are fits to Eq. (2). The black thick line shows the
difference between the fitting curves for the spots D and B.
(e) A three-level model of the G center, as explained in the
text. The sample temperature is T = 5.7 K.
deviation of 0.1 nm. This result is in agreement with the
observation of the ensemble ∆ZPL (Φ = 1 × 1012 cm−2)
to be nearly equal to that of single G centers.
As the background correction factor for the engineered
G centers ρ 6 0.75 differs from the ideal case ρ = 1, it
is necessary to improve it for future quantum photonic
applications. Its origin is not clear and could be the
tail of the Si bandgap emission or the emission from sur-
face/interface defects. A possible way to suppress the
background signal is to use another excitation wavelength
with higher excitation efficiency than that used in our ex-
periments, for instance 590 nm or 420 nm [21]. Another
way is to use resonant excitation into the ZPL using a
tunable laser with narrow-linewidth or to couple single G
centers into an optical cavity with a high Q-factor. We
hope that our findings will stimulate further research in
this direction.
Pristine SOI wafers
The G centers are activated when a Si wafer contain-
ing C impurities (incorporated either during growth or
by implantation) is annealed and subsequently irradi-
ated with high-energy protons [24]. For this reason, G
centers are inherent to SOI substrates fabricated by the
smart-cut technique, in which the annealing and proton
irradiation are the essential steps [26]. In the pristine
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FIG. 4: Optical properties of G centers. (a) The thin solid
red line represents a PL spectrum in a pristine SOI wafer and
the thick solid violet line represents a PL spectrum after C
implantation to a fluence Φ = 1×1012 cm−2. The dashed line
represents the calculated LA PSB of the G center [21]. (b)
PL time trace of a single G center.
sample, the concentration of the G centers is expected to
be non-monotonically distributed along the depth. The
projected range of the implanted protons during the SOI
fabrication process [26] results in a higher background
signal close to the top surface. Therefore, we perform a
XY confocal PL scan at some depth below the surface
(Z = 12µm) as presented in Fig. 3(a). Several bright
spots can be clearly discriminated above the background
signal. A fit to Eq. (1) for the spot D yields N = 1.7(2)
(Fig. 3(b)) and the fulfilled condition N < 2 denotes a
single-photon emitter. Other parameters, i.e., the char-
acteristic anti-bunching time τ1 = 3.7(6) ns and the ab-
sence of bunching a = 0, are similar to the spot A in the
implanted SOI wafer presented in Fig. 2(a)).
Figure 3(c) shows g(2)(τ) obtained at the spot E, which
is brighter than the spot D. A fit to Eq. (1) yields the
number of single emitters in this spot N = 6(1). The
characteristic anti-bunching time τ1 ∼ 3 ns corresponds
to τ1 for other spots in pristine and implanted samples.
Furthermore, we additionally observe the bunching be-
havior with a non-zero parameter a = 0.6(5) and a char-
acteristic time τ2 ∼ 15 ns. This behavior can be ex-
plained by a three-level model [18, 27], where in addi-
tion to the radiative recombination from the ES to the
GS there is a non-radiative relaxation channel through
the metastable state (MS), as schematically depicted in
Fig. 3(e). The photophysics of the G center can be even
more complex. The 637 nm-laser excites an electron from
the GS of the G center into the conduction band (CB). In
addition, the deshelving process of the ES or MS into the
CB promoted by the same laser may occur (the dashed
lines in Fig. 3(e)), which can be described by a four-level
model [20, 28]. Finally, the direct excitation from the
valence band (VB) to the CB may lead to the recharging
of the G center. The detailed investigation of these pro-
cesses, including the determination of all transition rates,
is beyond the scope of this work.
The saturation power for the spot D in the pristine
SOI is found to be P0 = 2.2 mW. This corresponds to
5a power density of 300 kW cm−2, which is by a factor of
4 higher than for the irradiated sample of Fig. 1(d). A
possible explanation is that the PL is collected close to
the Si/SiO2 interface and the laser absorption should be
taken into account. Indeed, the low-temperature pene-
tration depth at a wavelength of 637 nm is about 10µm
[29]. The thick solid line in Fig. 3(d) represents the dif-
ference between the fitting curves for the spots D and B.
By extrapolating the experimental data to higher pow-
ers, the saturation count rate for a single G center is
estimated to be Imax = 14 kcps.
The PL spectrum from the spot D at Z = 12µm is
presented in Fig. 4(a). It is spectrally broadened and no
ZPL is observed. One can recognize small oscillations in
the spectrum of the PSB, corresponding to the interfer-
ence of light within the device layer of our SOI wafer.
The spectral shape of the PSB is caused by the deforma-
tion potential interaction with the longitudinal acoustic
(LA) phonons [21], and the calculated LA PSB is shown
by the dashed line in Fig. 4(a). The perfect agreement
with the measured PL spectrum indicates that the ob-
served emission also originates from the G centers but
with pure optical properties.
The low count rate and the absence of the ZPL com-
pared to the implanted samples is because the SOI fabri-
cation process is not optimized for the creation of G cen-
ters with high optical quality [24]. Using the C implanta-
tion, we can create G centers close to the surface with a
pronounced ZPL. The 5.5 keV-energy of the implanted C
ions corresponds to a projected C range of 20 nm. How-
ever, we cannot exclude that the G centers are created
deeper because of the influence of the tail of the implant
profile and the displacement of lattice Si atoms during
the implantation. For example, the W-centers in Si have
been shown to emit at a depth that is around double the
average projected range of the implanted ions [30]. Nev-
ertheless, the G centers are expected to be created within
100 nm below the surface, as required for photonic appli-
cations (Fig. 5).
The thick solid line in Fig. 4(a) shows the PL spec-
trum for an implanted fluence of 1 × 1012 cm−2. As
expected for the G centers [23], the ZPL appears at a
wavelength of about 1.28µm (O-band) and dominates.
The obtained Debye-Waller (DW) factor of 11% (the ra-
tio between the light emitted into the ZPL and the all
emitted light) is only slightly smaller compared to the
earlier reported value for the optimized fabrication pro-
tocol [21]. These data demonstrate that the G centers
can be efficiently created using a single-step implanta-
tion. The well-documented method is based on three
steps: C implantation, annealing and proton irradiation
for the activation [24]. In our approach with a relatively
high substitutional C atoms in pristine wafers, the first
and second steps can be omitted. The third step is then
replaced by the C implantation, simultaneously provid-
ing interstitial C atoms and creating interstitial Si atoms,
as required for the creation of G centers.
Photostability is an important characteristic of a
single-photon emitter. The PL time trace from one of the
spots with a single G center at P = 4 mW is shown in
Fig. 4(b). The count rate remains constant over one day
without any indication of blinking. At higher laser pow-
ers P > 5 mW, the count rate drops to a low value within
several minutes due to local heating. However, the count
rate restores if the laser power is reduced. We performed
measurements at the same spot over one week and no
photobleaching was observed, indicating long-term opti-
cal stability of the G center at moderate laser powers and
low temperature T = 5.7 K. Similar results are obtained
for all the measured spots in pristine and C implanted
samples.
SCALABLE QUANTUM PHOTONIC
ARCHITECTURE
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FIG. 5: A cartoon of the scalable quantum architecture
with a single G center in an isotopically purified 28Si-SOI
photonic structure. Possible upgrades include built-in elec-
trically driven single-photon emitters and superconducting
single-photon detectors integrated on the same chip.
It has recently been shown that an ensemble of G cen-
ters in isotopically purified 28Si wafers possesses an ex-
tremely spectrally narrow ZPL [25]. The inhomogeneous
linewidth of 0.2µeV (50 MHz) – exceeding the Fourier
limit by a factor of 2 only – implies marginal spectral
diffusion of the ZPL line associated with a single G cen-
ter. This unique feature can be used to generate in-
distinguishable photons on demand in the telecom O-
band, which builds a solid basis for quantum commu-
nication and computing [31–33]. To achieve this goal,
it is necessary to develop a complementary-metal-oxide-
semiconductor (CMOS)-compatible route to monolithi-
6cally integrate the telecom single-photon source into iso-
topically purified 28Si-SOI photonic structures. A possi-
ble procedure is presented in Fig. 5. The first step is to
grow a high-quality 28Si layer on top of a commercial SOI
wafer using molecular beam epitaxy (MBE). The second
step is to use well-established etching protocols for the
fabrication of SOI photonic circuits, which comprise bus
waveguides and ring resonators. A very challenging task
is the creation of single G center in the desired position
of the ring resonators with optimized optical properties,
i,e., with a high DW factor and high-photon emission
rate. A possible protocol is based on the previous ap-
proach [24] and can include a broad-beam implantation
with either 12C (zero nuclear spin for ultra-long quantum
coherence [34]) or 13C isotopes (non-zero nuclear spin for
quantum storage [35]) followed by a rapid thermal an-
nealing at 1000 ◦C. For the local activation of the single
G centers, a focused proton beam irradiation at the de-
sired position [36] can be used instead of a broad-beam
proton irradiation [24].
A single G defect coupled to a ring resonator mode
can serve as an ideal basic module for scalable quantum-
optical processors and networks due to several reasons.
(i) The path of a single photon is unambiguously linked
to the spin state of a single defect [33]. It requires a high-
fidelity spin-photon interface. Though optically detected
magnetic resonance in G centers was reported more than
three decades ago [37], the interface is yet to be realized.
(ii) The detection of a single photon in the exit port gen-
erates heralded entanglement between defect spins [31].
(iii) The wavelengths of the resonator modes and the G
center ZPL can be tuned independently, as schematically
presented in Fig. 5. In the former, one can use carrier
injection in a PIN structure [38], and in the latter, the
tuning can be realized via the Stark effect [39]. Such a
reconfigurable photonic quantum circuit allows control-
ling the single-photon path injected from the entrance
port. This is a basis for the implementation of two-bit
quantum gates with selectively addressable single G cen-
ters, which can be located on the same or separated SOI
chips. Furthermore, built-in electrically driven [40, 41]
single-photon emitters based on a G center and super-
conducting single-photon detectors [42, 43] (Fig. 5) pro-
vide a route towards a fully integrated quantum photonic
platform.
CONCLUSION
We have demonstrated for the first time that commer-
cial SOI wafers can host telecom single-photon emitters
based on one of the carbon-related point defects in sili-
con. They have been shown to possess a spectrally stable
zero-phonon line in the O-band and exhibit a long-term
photostability over days of continuous excitation. Using
C implantation, these telecom single-photon emitters are
engineered in a controllable way within tens nm below the
surface of the device layer in a SOI wafer. Inspired by
these findings, we have envisioned a feasible concept for
the realization of an integrated photonic platform with
single-photon emitters, which is compatible with the cur-
rent silicon technology. The implementation of this plat-
form could enable scalable quantum processors and net-
works.
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